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1.0 PROGRESS SUMMARY

During the first nine months of this program, phase equilibria
studies on the proposed system SrNbZOG-KNbO3 have been initiated to
establish the congruent melting composition in this system. Although
further work is necessary to establish complete phase equilibria data,
it has been shown in the present study that the compositions close to the
SrzKNbSO15 region (about 74 mole% SrNbZOS) are suitable for single crystal
growth work. The Czochralski growth technique has now been established
and SKN single crystals of this composition (74 mole% SrNb206) as large
as 5-7 mm in diameter and 10-20 mm long have successfully been grown.

This is a major and important achievement in the present work. Although
the SKN single crystals thus obtained are sufficient to initiate high fre-
quency dielectric measurements, efforts are underway to develop this
technique to produce large size crystals, approximately 1 to 1.5¢m in dia-
meter. Low frequency dielectric measurements on these crystals show a
well defined peak in K33 at 150°C in excess of 20,000 for a frequency of

1 KHz' At room temperature, K33 is approximately 180 and shows no fre-
quency dependence up to 100 KHz' The loss tangent was found to be roughly
0.02 independent of frequency and temperature below 130°C.

Substantial dispersion has been observed in the dielectric
properties of SKN single crystal at frequencies between 90 and 100 GHZ.
The polar axis permittivity has fallen to approximately 50, compared to
its low frequency value of 180, wh.le the polar axis loss tangent is
large ( tan 8§33 ~ 0.25). It appears that the bulk of the permittivity
is not contributed by the soft mode, which in this system should be found
above 1012Hz.
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2.0 INTRODUCTION !

The microwave properties of high dielectric constant materials such
as ferroelectrics, relaxo-ferroelectrics, and antiferroelectrics generally
show complex behavior that has been variously interpreted in terms of soft
lattice modes, soft relaxation processes in the lattice, and microscopic
domain dynamics. In many cases, these interpretations predict significant
effects associated with the transition between paraelectric and ferro- or
dielectric properties, to occur in the frequency range from 2 x 1010 to
1012 Hz. However, there is at present a nearly total lack of dielectric

measurements in this range.

The proposed program is intended to provide this basic data on the
temperature, frequency, and electric field dependence of the susceptibility
above 20 GHz for suitably chosen structural classes of materials. Selected
members of these classes are to be grown and thoroughly characterized by
standard methods, and interpretations of the observed properties are to be
derived in terms of Devonshire free energy models for each class.
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3.0 MATERIAL DEVELOPMENT

3.1 Tungsten Bronze Family

The tungsten bronze structure family is one of the most extensive,
versatile, and potentially useful families of oxygen octahedron based ferro-
electrics. This structural family embraces more than 100 individual end mem-
ber compositions, and continuous solid solution is possible between many of
these end members (1'3). The tetragonal tungsten bronze unit cell of the
paraelectric protytypic structure is shown in Fig. 1 in projection on the
(001) plane (4). It consists basically of a complex array of corner sharing
distorted MO6 octahedra arranged in such a manner that there are three dif-
ferent types of interstice in between. Thus there are five structurally
different cation sites labeled A, B, C and two different octahedral sites
labeled M'M" (5). Bronzes can then be designated with compositions such as
A4BZM100300r A4BZC4M10030depending on the valence of the substituent ABC and
M cations which occupy the 15, 12, 9 and 6 fold coordinated sites. It is
this structural complexity which will accommodate a wide range of cation
substitutions that is responsible for the versatility of the ferroelectric
properties in the bronze family, but also for the major practical problem
which has heretofore limited their utility.

LoETEAayse s oo o

3.2 The System Srszge-KNbQ3_

Ferroelectric alkali-alkaline earth niobates with tetragonal tung-
sten bronze related structure show considerable promise for dielectric and
nonlinear electro-optic applications. Among the materials of interest,
Sr2KNb5015 and BaZKNbSO15 exhibit excellent dielectric properties and a
room temperature electro-optic effect nearly an order of magnitude greater
than that of LiNb03. Efficient second harmonic generation of YAG:Nd3+
‘ radiation has been demonstrated in these types of materials. As emphasized
f in our research program, the single crystal growth work on the Sr'zKNbSO15

laser
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Fig. 1. Projection of structure of tetragonal tungsten
bronze parallel to [ 001}.
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composition has already been initiated to determine its low and high fre-
; quency dielectric properties. The SKN composition exists on the pseudo-
binary system SrNbZOG-KNbO3 and this composition melts around 1475°C. It
has also been reported that the Sr:K ratio (i.e., SrNb206:KNb03) can be
varied while still maintaining the tetragonal tungsten bronze structure
even though neither of the end members has this structure. Other exam-
ples of this behavior can be found in the BaNb206 (6,7) and related sys-
tems. Table IV summarizes the changes in dielectric constant with changes
in the Sr:K ratio (8).
Phase equilibria studies of the SrNb206-KNbO3 system have been

reported by Scott et al. (9) ( 10).

and Ainger et al. Figure 2 shows a
phase relation in the pseudo-binary system SrNbZOG-KNbC3 system(after
Scott et. al.). Their results are not in complete agreement. According
to Scott et. al., the congruent melting composition of 77% SrNb206 is

slightly off from the Sr?_KNbSO15 region, while Ainger et al. claimed that

the potassium deficient composition K gSr, 5Nb5015 (84% SrNb206) is the

congruent melting composition on this system. In order to confirm these

results before the single crystal growth of SKN was developed in the
present program, a few compositions around the SrzKNbSO15 region were ex-
amined using the X-ray diffraction and DTA techniques. The results of this
investigation are not complete, but it has been shown that the compositions
close to 74% SrNb206 are suitable for the single crystal growth of SKN; and
hence this composition has been selected in the proposed work. The phase
equilibria work is in progress and based on these results changes will be

made in the melt compositions, if necessary.

3.3 Bulk Single Crystal Growth Procedure

Single crystals of SKN were grown by the Czochralski technique
from both iridium and platinum crucibles with successful results. Fig. 3
shows a schematic diagram of a typical Czochralski crystal grown unit. In
the case of iriduim crucibles, argon pressure had to be used to prevent
excessive loss of iridium, and as-grown crystals were found to be purple
or coal black in color. However, the color changed to deep yellow when

—
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TABLE I *
Crystal Composition PS at 22°C €' at 22°C TC (°c)
Mole < pe cm™?
K20 | Srd Nb205 Poled | Unpoled Poled | Unpoled
11 40 49 29 0 490 900 155
5 44 51 25 0 820 1300 138
4 42 54 24 0 1239 1500 120

PROPERTIES OF THREE SrzKNbSOIS COMPOSITIONS

*Data taken from Ref. 10 (Ainger et al.)
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the crystals were annealed in oxygen over 1000°C. Oxygen pressure was
directly employed when crystals were pulled from platinum crucibles;
crystals thus obtained are pale yellow in color. Since the lattice
mismatch between SKN and Sr.6183.39Nb206 (SBN) bronze composition is
minimal, the SBN single crystals were directly used as seed material
in the present growth work. This proved to be very successful and SKN
single crystals as large as 5-7 mm in diameter and 10-20 mm long have
been grown., Although further improvements are necessary, this is a
major and significant achievement in the proposed research work.
Optimum conditions used are as follows:

Pulling Rate: 5-8 mm/hr

Rotation Rate: 15-25 rpm

Growth Direction: Along the (001) direction
Growth Temperature: 1475°C

The single crystal growth of SKN has also been studied and re-
ported by Geiss et al. () and Ainger et al. (10), and the results of
this investigation are in close agreement with their work. Figure 4 shows
a typical SKN single crystal grown along the (001) direction. Although
the SKN crystals obtained in the present work are sufficiently large to
initiate high frequency dielectric measurements, the present Czochralski
technique is being improved to develop large size crystals, approximately
1 to 1.5 ¢m in diameter. Based on our ongoing work on tungsten bronze
family single crystals, the growth of large sized crystals depends strongly
on the ability to control the diameter of crystal and the thermal gradient
in the crystal near the solid-liquid interface. Since this work has only
been in progress for the last several months, all the experimental para-
meters have not yet been established. It is therefore reasonable to con-

clude that with further improvement in experimental conditions, specifi-
cally in the thermal gradient, it should be possible to grow larger dia-
meter SKN crystals.
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FIGURE 3.

Schematic diagram of a typical Czochralski crystal growth unit.
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Figure 4 shows a typical SKN single crystal grown along the (001)
direction.
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4.0 LOW FREQUENCY CHARACTERIZATION

Optically, the SKN single crystals appear to be of excellent
quality and are clear and transparent. Crystals grown along the c-axis
are usually well faceted, which is quite exceptional for the Czochralski
grown crystals. X-ray diffraction studies show that the crystal habits
are based on 24 faces of four prism: (110), (120), (100) and (130). In
the present case the SKN crystal showed several such facets, but they
were not as well defined as seen in other bronze single crystal such as
Sr.gBa. Nb,0g. Crystals showed room temperature tungsten bronze tetrtagonal
structure and, according to structural refinements for this family, this
composition belongs to the point group 4 mm. The lattice constants
measurements for the ceramic and single crystal samples of the 74% com-
position SKN (74% SrNb206+24%KNb03) gave values of a =12.458 A and c=
3.944 A, which are in close agreement with the value a = 12.470A and c=
3.942 A reported by Geiss et al (11) for a 76% composition.

4.1 Poling Procedure

To obtain optimum ferroelectric characteristics such as electro-
mechanical coupling constants or piezoelectric constants, it is import-
ant that the crystal be single domain. Therefore, it is necessary in the
present work to prepare single domain SKN single crystal for evaluation
of their ferroelectric characteristics. Based on our temperature depend-
ent dielectric measurements on the SKN single crystals grown in the
present work, the ferroelectric phase transition temperature (Tc) occurs
around 150 C; this information is important in controlling the poling
temperature. The procedure for poling used here consists of heating the
grown SKN single crystal to about 10 C over the curie temperature, with
d ¢ field around 6 KV/cm along the c-axis. The poling temperature was
slowly reduced to room temperature while the dc field was maintained and
and this proved to be successful to prepare single domain SKN crystal.
The poling field was established by measuring the electromechanical
coupling constant k33 using a resonance technique, which is defined as:

11
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k=Ta -fR
«——7;r———-, ere, fo= Resonance Fregquency
A fA= Antiresonance frequency

The coupling constants k33 and k31 were established and they were (.52
and 0.12 respectively. These values were of significantly lower orders when i
the poling field was below 6KV/cm,

4,2 Dielectric Data

Low-frequency dielectric measurements were initiated on the SKN
single crystals and these measurements are very interesting. This has
been accomplished by measuring the temperature dependence of capacitance
over the temperature range -50° to 200°C. A crystal used for these
measurements was approximately 1 mm in thickness; aluminum electrodes
were deposited on both sides. The dielectric measurements were perfor-
med using three different frequencies, i.e., 1, 10 and 100 KHz and the
results of these experiments have been summarized in Figures 5 and 6.

As can be seen from Figure 5, at room temperature K33 is 2 x 102 and
peaks above 104 at the Curie temperature. The values of K33 will vary to
some extent with amount of K and Sr in the crystal. Above the transition
temperature a Curie law K33 = C/(T-TC) is found to hold for the crystals
measured with C in the range 2-4 «x 102°C. Figure 6 shows the dielectric
loss for the present SKN single crystals. Figure 7 shows temperature
dependence of dielectric loss for SKN crystal at three frequencies: 1, 10
and 100 KHz.

Table 2 summarizes physical constants for the SKN and other
important bronze single crystals, e.g. Sr.GBa.4Nb206 and K3Li2Nb5015. i
The results of the low frequency measurements clearly indicate that the
SKN crystal possesses excellent-dielectric properties and should prove to
oe a useful candidate to explore the high frequency (in min-wave range)
dielectric properties and their fundamental characteristics. In the following
sections, results on the high frequency dielectric properties of this crystal

are presented.
12
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FIGURE 5
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Temperature dependence of dielectric constant (K33) for SKN crystal,
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TABLE 2.
Property SKN SBN:60 KLN
Unit Cell Tetragonal Tetragonal Tetragonal
Space Group 4mm 4mm 4mm
Unicell a=12.47A a=12.468A a=12,59A
Facets Several, less Hell defined Well defined
- - - _ _ | _defined 24 _ 4 .
Curie Temperature °C 150°C 72°C 405° ¢
E33 at 25°C 200 880 150
E33 at Tc 20,000 = 20,000 ~1000
Electromechanical k33=0.52 k33=0.47 k33=0.54
Coupling Constant _ - -
k15= - k15=0-13 k33=0.35
Piezoelectric Strain
d31= - d31=130 d31=-14
d15= - d15= 31 d15=68

------- K3L i 2Nb50 15
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5.0 HIGH FREQUENCY CHARACTERIZATION

Room-temperature reflection and transmission measurements have been
carried out between 90 and 100 GHz on four small single-crystal samples
cut from a single boule of SKN and oriented to allow determination of
the complex dielectric permittivities parallel and perpendicular to the
crystal polar axis. These measurements were made in waveguide, as
indicated in Figure 8, with the sample filling the guide cross-section.

The dielectric permittivities derived from these data show a large
dispersion, with e§3 having fallen to one quarter of its low-frequency
value, while Eil in this range of frequencies is about twice 553. The
frequency dependence of these parameters is summarized in Figure 9.
along with the dielectric loss e?] and 553 (upper and lower sections of
the figure, respectively).

The large decrease observed in e§3 from its low-frequency value
strongly suggests that the bulk of the polar axis permittivity is not
contributed by the soft mode, which is thought to lie above 10!? Hz in
this temperature range. Rather, mechanisms must be sought having
characteristic relaxation at GHz frequencies, such as piezoelectric
resonance in microdomains of submicron dimension. Point defects, or
perhaps dislocations induced by compositional gradients in the crystal,
may act to stabilize such domains against poling. The relatively high
observed loss (tan 633 ~ 0,25, tan 6]] ~ 0.13) and the variation in

permittivity between samples from the same boule are also consistent

with an extrinsic GHz relaxation mechanism.
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Recently, we have observed similar behavior in strontium barium
niobate single crystals between 30 and 40 GHz, measured as part of an
ongoing DARPA program to develop millimeter wave phase shifting materials.

In one such sample, the polar axis permittivity was approximately 35 over

the whole frequency range from 30 to 40 GHz, compared to a low-frequency
permittivity of 900. This suggests that the phenomenon we are observing
may be generally responsible for the high dc permittivities in the

tungsten bronze family.

6.0 FUTURE PLANS

The ovservation of substantial dispersion in the dielectric
properties of SKN and SBN single crystals at millmeter wave frequencies
calls for an extension of our studies to include other closely-related
ferroelectrics, as well as a more thorough investigation of temperature
and frequency dependence in the present system. Presently under con-
sideration are the "stuffed" tungsten bronze Baz_XerKl_yNabesols,
which has all cation sites occupied and therefore has less tendency toward
disorder, and the orthorhombic tungsten bronze szKNbSO15 (PKN) and
KZBiNbSO15 (KBN), where both a- and c-axis are polar. Comparison of
the dielectric dispersion along the polar and non-polar axes in these
systems should suggest directions for further exploration of the mechanisms
responsible for the observed dielectric properties.
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